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ABSTRACT 
Tungsten continues to be the material of choice for plasma facing components (PFC) in the divertor region 
of future plasma-burning fusion nuclear devices due to favorable properties such as high melting point, high thermal 
conductivity and low sputtering yield. However, challenges remain for the use of monolithic tungsten under future 
fusion reactor-relevant conditions including enhanced hydrogen retention, surface cracking and surface morphology 
evolution that may lead to macro-level impurity emission into the plasma.  An alternative approach to conventional 
monolithic tungsten-based PFC materials is to introduce designs to mitigate known shortcomings of tungsten. This 
work explores the concept of protecting the plasma from high-Z material emission by integrating a low-Z component 
that is in the liquid phase. 
Plasma-surface interaction properties of a porous tungsten-liquid metal hybrid system, having the favorable 
bulk thermomechanical properties of W while serving as a scaffold for a liquid metal with self-healing and radiative 
vapor shielding characteristics, is examined. W-substrates with 70% density of bulk W and 1-5Pm sized pores have 
been fabricated with 50-nm W powders using spark plasma sintering.   Lithium surface chemistry was observed to 
change in favor of forming Li-O-D as opposed to lithium oxide. Enhanced lithium wettability driven by percolation 
through the porous tungsten architecture is demonstrated with in-situ liquid lithium drop measurements.  Results 
show complete wetting of liquid Li at 250qC in the porous W, 100qC lower temperature than what has been 
observed on traditional tungsten surfaces.  Accompanying experiments using in-operando 7.2keV O3+, 8.9keV O4+ 
ERD in the DIONISOS platform, capable of 1020 m-2s-1, demonstrate Li signals as deep as one micron indicating 
percolation during exposure to a 250eV/amu D+ plasma. The results presented here demonstrate the feasibility of 
incorporating, a liquid metal into a porous tungsten substrate, both in wetting and percolation. Furthermore, this 
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CHAPTER 1: INTRODUCTION 
1.1: World energy demand and climate change 
The development of humanity can be strongly linked to the increased utilization of 
energy resources [1]. Although not an absolute indicator of quality of life, Gross National 
Product has a strong positive correlation with the energy consumption as shown in Figure 1. In 
fact, there are correlations between various indicators of quality of life, such as Gross National 
Income, electrification level, life expectancy at birth, decreased infant mortality rates, mean 
years of schooling and energy consumption [2]. 
 
Figure 1.1: Energy consumption and GNP per capita in from 1990 to 2015 [3] 
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At this point, the role of anthropogenic CO2 in altering the earth’s climate has been well 
observed, with the extent of impact still an active area of research; however, research has already 
demonstrated that CO2 has more than just a secondary role in impacting the environment, such as 
the dominant role it has on sea levels [4]. The most relevant figure of merit comes from the 2015 
Paris Agreement under the United Nations Framework Convention on Climate Change, in which 
the stated goal is to keep the average temperature rise well below 2°C pre-industrial levels. A 
probabilistic model study conducted by Meinshausen et. al shows that the likelihood of a global 
temperature rises of 2°C is 50% with a cumulative CO2 emission of 1440 gigatons between the 
span of 2000-2050; for perspective, 234 gigatons of CO2 were released from 2000-2006 [5]. 
Common fossil fuels are not only disadvantaged by their environmental impacts; finite supply, 
relatively low energy density, negative impacts on geopolitics are also drawbacks of fossil fuels. 
As the work by Meinshausen et al evidences, meeting the Paris Agreement will be 
difficult with the current use of GHG emitting energy sources. Energy sources must become 
cleaner, in terms of the reduction CO2 and other greenhouse gas (GHG) emissions, to curb the 
negative impact of anthropogenic climate change. Meeting this objective will require the 
development and reliance on cleaner energy sources, alternative to GHG emitting fossil fuels.  
 
1.2 Alternative energy sources 
Apart from fossil fuels (such as coal, natural gas and oil), remaining energy sources 
include renewables such as wind, solar and hydroelectric, as well as nuclear. Hydroelectric 
power cannot make up the difference in load capacity to phase out GHG contributing sources. 
The two biggest challenges facing wind power are the average capacities and, related to that, the 
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scalability. Wind turbines cannot be the only reliably produce electricity at a percentage of the 
total capacity. Wind cannot be the sole contributor to electricity generation. Being a relatively 
low energy density process as well as technological developments just now bringing the 
conversion efficiency to 46% [6], solar power does not have the potential to completely meet 
energy need. Even with advancements made in efficiency and utilization and processing of less 
toxic materials, solar is a technology to be coupled with other renewable energy technologies [6]. 
 
1.2.1 Nuclear fission power 
Of all alternative, GHG-free energy sources, nuclear fission has the energy density to 
produce energy on a large scale. Nuclear fission relies on the extraction of heat during the 
splitting, or fission, of a heavier element into more atomically-stable elements, in terms of 
nuclear binding energy. Fission is also a GHG-free source, and being such an energy dense 
process, the potential for large-scale energy production per fuel mass is much higher than even 
fossil fuels. Though there is a finite amount of fissile U-235 that can be refined and processed, 
advancements in reprocessing of spent fuel and as well as fast fission reactors that produce fissile 
material mitigate any concerns of nuclear fuel running out. 
The binding energy per nucleon, seen in Figure 1.2, peaks around atomic number 56 (Fe); 
the process of fission releases energy by splitting elements of lower binding energy into those 





Figure 1.2: Binding energy curve [7] 
There are several key factors going against nuclear fission that have prevented it from 
being a larger staple of the global energy production portfolio. Despite a very small number of 
minor accidents with benign outcomes, nuclear power accidents such as Three-Mile Island 
greatly sway the general opinion on safety of nuclear power; more significant accidents such as 
Chernobyl and Fukushima, despite their inherent design flaws, only further the misconception of 
an unsafe industry. As a result, the licensing and construction of plants in the Western world, the 
US especially, is a time and money intensive process greatly limiting the expansion of proven 
nuclear utilities as well as the expansion/development of more advanced technologies. Another 
issue plaguing the nuclear fission industry is the concern of spent, radioactive waste. Long-term 
storage of these “hot” materials is an issue of discussion, with no traction on a long-term storage 
solution in the US. Currently, spent fuel is stored long-term on site within dry casks, however, 
this is not a sustainable long-term solution even if the volume of the nuclear waste is small. 
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There are concerns over the weaponization potential of such radioactive material should they fall 
into the wrong hands. 
While the merits of nuclear fission are apparent, fission power is fighting a strong 
negative stigma within the public; the biggest hurdle for fission power is more political and thus 
it cannot be projected to be a part of a larger role in meeting the energy needs.   
 
1.2.2 Fusion energy potential 
Based on the discussions above, a criterion can be seen for what kind of energy source is 
needed to meet the growing global demand for energy: an economic, GHG-free energy source 
that is energy dense, but more generally does not produce any harmful byproducts, as well as 
having an abundant fuel source. Although there is much technological development required for 
fusion to be a utility-ready, economically competitive technology, fusion energy as a concept 
meets many of these requirements. Fusion energy is based on a process that is the opposite of 
nuclear fission, where two lighter elements fuse into a more stable heavier element with higher 
binding energy (Figure 1.2); this is the process taking place in the core of our sun and other stars. 
The energy density of fusion energy far exceeds the fossil fuels, renewables and even fission 
power (seen in Equations 1.1-3), the fuel is found abundantly in sea water and can be bred, can 
in principle be run continuously and the worst concern, as far as harmful byproducts, is neutron 
activated components.  
𝐶𝐻4 + 2𝑂2 → 2𝐻2𝑂 + 𝐶𝑂2 + 9𝑒𝑉 ⇒ 0.6525𝑒𝑉/𝑛𝑢𝑐𝑙𝑒𝑜𝑛    Equation 1.1 
𝑛01 + 𝑈 →92235 𝑎 𝑛01 + ∑ 𝑃𝑖𝑖 + 202.5𝑀𝑒𝑉 ⇒ 861.7 × 103𝑒𝑉/𝑛𝑢𝑐𝑙𝑒𝑜𝑛  Equation 1.2  
𝐻 + 𝐻13 → 𝐻𝑒 +24 𝑛 + 17.6𝑀𝑒𝑉 ⇒ 3.52 × 106𝑒𝑉/𝑛𝑢𝑐𝑙𝑒𝑜𝑛0112     Equation 1.3  
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As mentioned, there are several drawbacks to fusion right now, with the most prevalent 
being the lack of technological maturity to make it a feasible energy source in the near term. The 
complexity of achieving fusion in a laboratory setting has made it one of the most 
technologically challenging endeavors undertaken, and there is much development required in 
both fundamental science and technology before the it reaches the technology readiness of other 
energy sources. Currently, there are unresolved knowledge gaps that remain to be answered: the 
power/particle handling limits (for relevant wall systems), tritium inventory, various divertor 
geometries/configurations (i.e. snowflake divertor design, extent of detachment/dissipation), 
optimization of the boundary plasma with respect to the wall, as well as the boundary plasma as 
mediating boundary between the core plasma and the PFC [8]. Furthermore, all these issues need 
to be extrapolated to long-pulse, steady-state operation. Additionally, as it stands right now, 
fusion energy is exceptionally cost prohibitive requiring a huge upfront investment; the 
International Thermonuclear Experimental Reactor (ITER) is estimated to cost north of 20 
billion dollars.  With more technological development, these drawbacks can be mitigated, and 
fusion energy can be a part of the solution to a growing, greener, energy demand for the world. 
 
1.3 Nuclear fusion 
1.3.1 Principles and background 
In the previous section, the process of nuclear fusion involves lighter atoms fusing into a 
more stable atom, in terms of binding energy; this process releases energy due to the difference 
in mass of the products and reactants, according to Einstein’s statement of mass-energy 
equivalence. The process of the atoms fusing together involves the nucleon-nucleon attraction of 
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nuclear force. The nuclear strong force is the strongest of the fundamental forces but acts across 
only a short distance, relative to the other fundamental forces, especially electrostatic force. 
Despite the surplus of energy that is released in the fusion process, an amount of energy 
“investment” must be made in order for the initial fusion reactants to overcome the electrostatic 
repulsion that takes place between two positively charged ions. The probability of a fusion event 
taking place based on the reactant particles’ energy is shown in the fusion cross-sections, shown 
in Figure 1.3. The deuterium-tritium reaction (shown in Equation 1.3) can be seen to have the 
highest probability of occurring, roughly at 70-100keV and thus is the reaction of interest. In the 
future, with advancement in man-made fusion, a reaction that does not result in a neutron, such 
as D(D, p)T, would be ideal because of the absence of neutron radiation (discussed later) as well 
as the potential for direct energy capture as an alternative to the traditional, but inefficient, 
Rankine or Brayton based power cycles.  
 
 
Figure 1.3: Cross-sections for several fusion reactions [7] 
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However, despite the energy released during a fusion collision, there are other collisions 
that are energy loss processes, such as Coulomb collisions. The optimal operating temperature 
comes from maximizing the power balance between the fusion power gain and radiative power 
loss. This leads to a figure of merit that characterizes the lower limit required for a self-
sustaining, net energy reaction, known as the Triple product 𝑛𝑇𝜏𝐸 [9]. 
 
Figure 1.4: Lawson criterion requirement for minimum ion temperature required [10] 
 
The Lawson criteria can be understood qualitatively; enough particles with enough 
energy need to be confined together long enough to undergo enough fusion reactions to balance 
out the power losses. Furthermore, a truly sustainable nuclear reaction will not need any external 
heating but would rely solely on the accessible energy released. For the confinement scheme that 
is assumed for this work, magnetic confinement, this would only include energy in form of 
charged particles as anything else could not be contained by the confining magnetic fields; this 
condition is known as ignition [7]. Corresponding to a roughly theoretical Q=10 (power gain 
factor, ratio of net power out and net power in), ignition is the goal of magnetic fusion research.  
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1.3.2: Magnetic confinement  
As alluded to earlier, there are different confinement schemes that are currently being 
investigated: magnetic confinement and inertial confinement. Generally, these differ from the 
fusion that takes place in the sun in that they cannot rely on the densities and confinement times 
of celestial bodies. Man-made fusion schemes thus utilize relatively high temperatures 
(100,000,000-150,000,000 K in the core plasma vs. 10,000,000s K in the core of the sun) or 
densities. Magnetic confinement schemes are more mature compared to inertial confinement; 
additionally, the material systems being discussed here are for a magnetic confinement machine, 
so that will be the focus of discussion. Briefly, inertial confinement uses lasers to impart energy 
to fuel pellets, causing rapid compression of the fuel in the center of the fuel pellet. The largest 
inertial confinement experiment is the National Ignition Facility at Lawrence Livermore National 
Laboratory.  
The principle of magnetic confinement is based on the use of magnetic fields to confine 
plasma. Concepts such as magnetic mirrors suffered from high end losses which then led to 
toroidal magnetic confinement schemes, the stellarator and tokamak. Both use magnetic pressure 
to confine the plasma pressure. The difference between the stellarator and tokamak is a central 
solenoid present in the tokamak concept that produces a toroidal current while a helical vessel 
and coils in the stellarator allow for the chamber to twist with the plasma. The toroidal current 
allows for greater heating of the plasma but there are current driven instabilities associated with 
it. The absence of the central solenoid in the stellarator makes for more steady operation as 
opposed to the pulsed nature of the tokamak, but because of the greater heating capabilities of 
the tokamak that is the most researched concept thus far. However, strides with the stellarator 




Figure 1.5; left: Illustration of a tokamak and its magnetic topology; right: Stellarator its 
magnetic topology 
 
To date, several tokamaks have achieved Q = 1, known as breakeven, as seen in Figure 
1.4. The scaling laws developed throughout the years of research suggest a bigger machine may 
accomplish even higher Q, thus the motivation behind ITER, the largest tokamak to date being 
built through a collaborative effort of several nations.  
The magnetic topology of tokamaks keeps most of the particles from interacting with the 
first-wall material and preserves the confinement of energy and particles. However, perfect 
confinement of the plasma is impossible. Any species that is colder than the required temperature 
of the reactant DT, such as the He ash produced in DT fusion, is considered an impurity and so 
there must be a mechanism for which these impurities are prevented from dissipating the core 
plasma energy through various collision processes. The idea of a limiter was introduced to define 
the plasma edge to separate the core plasma from the vessel, directing the colder particles along 
open field lines to a sacrificial target. A consequence of this sacrificial target plate is the erosion 
of the wall material which not only degrades the longevity of the wall material but also releases 




Figure 1.6: Limiter (left) and divertor (right) tokamak configuration [7] 
 
The idea of a divertor was thus introduced where the plasma edge, known as the scrape-
off layer was separated from the last closed flux surface and diverted to what is known as the 
divertor. The divertor is separated from the core plasma at the separatrix. The divertor is a 
mechanism for impurity pumping as well as heat extraction in a future power producing plant. 
Transport from the divertor, however, is inevitable and the mechanisms for impurity sources 
from the divertor wall are numerous (discussed in Chapter 2). Interdependencies exist between 
what is happening in the divertor and the performance in the core plasma; furthermore, results 







CHAPTER 2: MATERIALS BACKGROUND 
2.1: History of plasma facing materials  
 The impact of materials on the plasma performance through plasma material interactions 
has long been recognized, with the early focus on impurity content. The adverse impacts of 
impurities include fuel dilution, as well as radiative cooling of the core plasma. The helium 
produced in DT fusion is referred to as an impurity due a long He ash confinement time leading 
to fuel dilution.  
 The presence of impurities leads to energy losses through radiation. Equation 2.1  is the 
Bremsstrahlung power radiated [11].  
𝑃𝑏𝑟 = 5.35 × 10−37𝑍2𝑛𝑒𝑛𝑧𝑇𝑒
1
2 [𝑊𝑚−3]    Equation 2.1  
 
Further radiation losses can occur due to the cyclotron motion of charged particles in the 




) 𝐵2𝑛𝑒𝑇𝑒      Equation 2.2 
Both these radiative power loss mechanisms are proportional to the impurity density. 
Additionally, the Bremsstrahlung power loss is proportional to Z2. To further stress the 
importance of atomic number of the impurities, partially stripped impurities will also radiate 
power away as they are progressively more ionized; the larger the atomic number the more 
ionization events can take place. As a result, power loss due to impurities is heavily dependent 
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on the atomic number. Figure 2.1 shows the allowable impurity fraction before the radiated 
power exceeds 10% of the total thermonuclear power.  
 
 
Figure 2.1: Allowable impurity fraction by atomic number [11] 
 The earliest fusion experiments were made out of stainless steel, which will also be used 
in the first phase ITER operations, which led to improvement in temperature and density [12]. 
Unacceptable levels of impurities such as carbon and oxygen were still getting sourced from the 
wall, which led to the development of the limiter and divertor concepts [13].  
 As mentioned in the previous chapter, the limiter and then divertor concepts were meant 
to be sacrificial regions to keep the plasma edge away from the main wall. The divertors were 
especially conducive to better plasma performance because of their isolated location relative to 
the core plasma The SOL leads into the divertor, entraining any wall generated impurities and 
finally onto the divertor allowing for colder plasma temperature incident on the sacrificial wall, 
thus decreasing the physical sputtering rate [14]. 
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Because of the higher powers achieved with the addition of neutral beam heating, 
tungsten and other high-Z limiter machines (stainless steel in the case of ATC, tungsten in ST 
and PLT, titanium in PDX, refer to Figure 2.2) started to experience high radiation losses and 
thus switched to carbon. The advantage of carbon was that the eroded carbon was already fully 
stripped thus no additional radiation loss. As a result, additionally because carbon does not melt 
but only sublime, most machines went the way of graphite limiters/divertors [13].  
Due in part to how chemically active carbon is, the chemical sputtering rates were 
significantly higher than the physical sputtering rate, despite the colder ion species incident on 
the wall in a divertor machine; the addition of chemical sputtering increases the sputter yield to 
~0.1-0.2 C/D+  [15], [16]. In addition to chemical sputtering, radiation enhanced sublimation is 
another process that enhances the erosion of carbon from the wall due to mobile carbon atoms 
along an incident ion range escaping to the surface and evaporating freely [17]. All the enhanced 
erosion of carbon results in redeposition of those layers. Because of the chemical molecules 
formed between hydrogen and carbon (thus the chemical sputtering), trapping of hydrogen 
isotope species in co-deposited layers poses an issue from the aspect of fueling efficiency and 
on-site tritium inventory regulations. A final disadvantage of carbon is the poor 
thermomechanical properties in a neutron environment [18]. 
 Beryllium has become a more commonly used wall material, being the first wall material 
of ITER, due to its low Z, non-reactivity with hydrogen, and good thermal properties and oxygen 
gettering [19]. However, beryllium has a low melting point, relatively high sputter yields and 




It is important to note that this table is quite dated and does not reflect the nature of the 
work being conducted today. For example, the Tore Supra tokamak at the CEA has been 
converted to a long-pulse tungsten divertor machine to complement the ITER efforts as does the 
JET experiments with its ITER-like walls. Additionally, DIII-D is starting to incorporate W and 
the EAST tokamak is experimenting with flowing liquid lithium walls.  
 
Figure 2.2: Major machines and the first wall, limiter/divertor material [13] 
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2.2: Tungsten  
Tungsten (Z = 74) is the divertor material of choice for ITER. Tungsten has many advantages as a 
structural material, one of the main reasons for its selection as the ITER divertor material of choice. 
Tungsten has the highest known melting point, high thermal and electrical conductivities. Tungsten has a 
high yield strength and good creep resistance.  In particular, tungsten has high sink characteristics as well 
as its relatively low neutron damage/activation lifetime [20], [21]. In particular, tungsten’s thermal fatigue 
performance was tested by high cycle ITER-like heat loading [22]. From the aspect of sputtering, W has a 
favorably low sputtering yield and high physical sputter threshold energy, when exposed to D (210eV 
threshold energy), T (140eV threshold energy) [21], [23]. Additionally, it also has a low ionization 
potential, making for prompt redeposition [13]. Compared to carbon, chemical sputtering of W is negligible 
[13]. In the steady state, tungsten’s low amount of erosion due to sputtering processes makes it a better a 
better interface material not only because it’s relatively low amount of wall impurity outflux but also 
because of low amounts of redeposited layers trapping fuel, especially compared to previous carbon-based 
PFCs [24]. From an engineering standpoint, tungsten can be repaired using plasma spraying techniques, 
and the techniques in joining/brazing tungsten are well known [13] 
Even in the steady-state, however, tungsten as a PFM faces several challenges. Mechanical stress 
from manufacturing process of the material combined with high duty-cycle heat loads can lead to thermal 
creep [25]. The high flux of neutrons and ions will not only lead to radiation embrittlement, leading to 
mechanical degradation, but surface blistering and He-induced nanostructures will form [26], [27]. There 
is thus increased susceptibility to mechanical failure, enhanced erosion during disruptions and increased 
fuel retention [28], [29], [30]. Despite fair performance to the steady-state heat loading, modeling of ELM 
heat loads on even the geometrically optimized ITER tungsten monoblocks will induce melting [31]. 
According to Figure 2.1, there is a low threshold for tungsten impurities in the core. Activation of W 
when exposed to neutron irradiation is also a concern [32]. 
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 Tungsten also has a small window for ductility; tungsten has an upper limit for ductility in 
temperature due to recrystallization but the ductile-to-brittle transition (DBTT) also sets a high floor for 
ductility [33]. Figure 2.3 demonstrates another disadvantage of tungsten as a plasma facing material.  
 
 
Figure 2.3: Surface temperature, ion energy and fluence parameter for He-induced morphology on W [34] 
 
The He-induced morphology, seen in Figure 2.4, could be detrimental because of the 
fuzz’s brittle nature, which could lead to enhanced W erosion. There is no definitive answer to 
the question of fuzz erosion, as both enhanced and diminished erosion have been observed. 
Fuzzy surfaces have a porous nature, which affects the sputter yield. Compared to clean surfaces, 
the sputter yield from a fuzzy surface is an order of magnitude lower [35]. The presence of fuzz 
may also result in unipolar arcing [36]. Furthermore, the fuzz will have different 




Figure 2.4: Tungsten fuzz micrographs 
 
2.3: Lithium  
 The bulk of liquid metal work has been done with lithium; however, there are other liquid 
metals under consideration: tin, tin-lithium alloy, gallium. The focus of the work presented 
centers on lithium as the liquid metal and so the advantages of liquid metals are contextualized to 
lithium here.  
 Lithium (Z = 3) was initially used as diagnostic on the Tokamak Fusion Test Reactor 
(TFTR, PPPL); serendipitously, increased performance was observed [37]. Further experiments 
were done with Li wall conditioning, and the result was an improvement in the triple product; 
improvement of the plasma performance has been seen in other tokamak machines as well [38]. 
 Lithium promoted improved performance by reducing the hydrogen recycling, which 
improved the temperature and density profiles. Lithium’s reactive nature make for a strong getter 
of impurities such as oxygen and cold hydrogen fuel. Lithium’s low Z number does not make 
core contamination a concern as it is for a heavier impurity. 
19 
 
Beyond the improved plasma operation because of decreased hydrogen recycling and 
increased impurity gettering, lithium as a plasma facing component has other prospective 
utilities. With a melting temperature of 180°C, the liquid nature of the surface excludes structural 
damage/or a potential compromise in thermomechanical properties, such as the fuzz morphology 
seen in Figure 2.4. There is the potential for further protection of the surface through 
mechanisms such as vapor shielding (discussed later), as well as improved power handling by 
facilitating detached modes that protect the divertor from prohibitively high heat fluxes. The 
aspect of low recycling is beneficial for the operation of the plasma but there are substantial 
drawbacks to consider. The high retention properties make fueling efficiency (i.e. how fuel is 
lost/unrecoverable on the relevant time scale) and hydrogen isotope inventory a substantial 
concern. However, high amounts of retained fuel in a flowing liquid metal could be recovered 
within the framework of a liquid metal loop system in which the fuel is recovered [39].  
 The discussion of a potential liquid lithium loop system to recover fuel highlights one of 
the biggest challenges facing liquid metals: low technology readiness levels. The simplicity of 
implementing a solid metal wall and lack of expertise and experience with developing a feasible 
liquid metal wall system make for a significant challenge in immediate implementation. Some 
concepts, such as the capillary-pore-systems or the thermo-magneto-hydrodynamics driven 
liquid lithium flow at the University of Illinois are still in development despite being relatively 


















CHAPTER 3: MOTIVATION 
Having a feasible material system for a burning plasma environment will require not only 
better control of the plasma to mitigate the disruptive conditions within the divertor but also 
improvements in material design. A wall system with the structural characteristics of tungsten as 
well as having interfaces more resilient to particle (~1024/m2s)/heat fluxes (~10MW/m2) and 
more compatible to the edge plasma is the goal [31] [13]. The viability of vapor shielding in a 
liquid metal wall system is an area of interest and discussed in detail in the Future Works section.  
What is required is a material system designed specifically for differing properties suited 
for the relevant interactions depending on the spatial and temporal time scales. For these reasons, 
the feasibility and conjectures regarding potential benefits of liquid/solid hybrid system are 
investigated.  
Liquid metals (LM) have been proposed not only because of an intrinsically healing surface 
but has also been seen to improve plasma performance. The goal is to develop a material with the 
favorable bulk properties of tungsten while optimizing the surface/subsurface structure for a liquid 
interface based on the proposed utilities of this hybrid system.  
The feasibility of this hybrid system depends on the liquid metal (LM) flow through the 
pores as well as how well the LM wets and persists on the surface. The flow of will be driven 





      Equation 3.1 
22 
 
Where 𝜎 is the LM surface tension, 𝜃 is the wetting angle and r is the pore radius [40]. The 
capillary pressure will have to overcome other sources of back pressure (from the surface into the 
substrate) such the static pressure head, pressure at the surface. Approximating the liquid flow 
through the porous media as Poiseuille (pipe) flow, the volumetric flow rate varies linearly with 
the pressure drop and with the fourth power of the pore radius, thus cubically with pore radius 
[41]. The “power” thus needed by the capillary pressure scales with the pore radius square. 
Furthermore, the wetting angle is also dependent on the surface structure. The design of the porous 
tungsten media involves consideration of pore radius to ensure LM flow to the surface interface.  
As just mentioned, the surface wetting of the LM, indicated by the wetting angle, depends 
on the surface structure. The surface tension of the solid surface will differ substantially with the 
roughness/geometry of the surface area [40]. It is a complex determination to predict the 
wettability, so optimizing the subsurface pore structure for flow is required; additionally, 
macroscopic ejection of LM during steady state operation due to MHD forces as well as off normal 
events must be mitigated. The examination and quantification of these phenomena are critical to 
the implementation of this hybrid system.  
One of the design aspects of the porous W is conjectured to provide a greater resistance to 
fuzz. Incident He implants within the grains and nucleates into bubbles, which are the precursors 
to the fuzz-tendrils [42].  Increasing the amount defect sinks will help keep He from nucleating, 
which was conjectured for grain boundaries as well [43]. This was observed for ultrafine and 
nanocrystalline-grained tungsten when exposed to He [44]. The drawback, however, is the larger 
bubble nucleation at the grain boundaries as opposed to being high diffusivity paths, thus causing 
grain boundary embrittlement [45], [46]. Extending that same reasoning, it is posited that the 
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increased surface-area-to-volume ratio of a porous substrate can act as a defect sink, and thus be 







CHAPTER 4: METHODS AND HYPOTHESIS 
4.1: Spark plasma sintering of porous W 
Processing of tungsten into various forms and structures, including a foam, is generally a 
difficult task. Traditional techniques in manufacturing metal foams require the metal to be 
melted as a starting point; the challenge with processing tungsten into a foam compared to other 
metals is its high melting point. Work conducted by El-Atwani et al., studied the effects of 
increased grain boundary density acting as defect sinks on the increased tolerance surface 
morphology development. Increasing the free surface area to volume ratio follows the same 
premise of increasing the defect sink and thus increased resilience to impinging He and D 
induced defects and morphologies.  To attain fine-grained tungsten materials, El-Atwani et al. 
used spark plasma sintering (SPS) as well as extreme-angle plastic deformation fabrication 
methods.  In the case of SPS, it is possible to produce fine-grained tungsten with a multi-modal 
grain size distribution.  Under certain temperature-pressure combinations, SPS can also be used 
to generate a random porous structure resulting in a metallic foam [22]. SPS is a processing 
technique that consolidates powders over a span of 1400 seconds, shown in Figure 4.1a), in a 
densified, solid substrate using an applied, axial current to heat the powders to temperatures of 
900qC while being compressed in a graphite die by an axial pressure load of 10-15kN. The 
advantage of SPS as a consolidation technique is the uniform heating of the powders. These 
samples, shown in Figure 4.1b), were fabricated in collaboration with the Krogstad Research 
Group, using a Fuji SPS-615 Dr. Sinter Lab spark plasma sintering unit; an example of the 
sintering temperature and pressure recipe used is shown in Figure 4.2 and 4.3. As observed in 




Figure 4.1 a) 40-60-nm (manufacturer specifications) W powder from US Research 
Nanomaterials, Inc used, 10.0kV 5.0mm x 25.0k SEM micrograph b)70% dense porous W via 
SPS of 1400 seconds of axial pressure load of 10-15kN and temperature of 900qC, with no 
preprocessing; 15.0kV 5.0mm x 7.0k SEM micrograph 
 
 




























Figure 4.3: Temperature recipe used in spark plasma sintering of porous W 
 
4.2: Hypothesis  
 To assess the feasibility of this hybrid system, questions regarding the system must be 
further studied, in context to more traditional PMI questions faced by any potential PFC wall 
material as well as to issues specific to the porous W substrate, liquid metal, and overall hybrid 
system.  
1. How does the lithium surface chemistry change with the addition of porosity? 
a. The additional surface area due to porosity facilitates more lithium oxide to form 
and thus the deuterium retaining Li-O-D complex  

























a. The interconnected pores as well as capillary force will lead to percolation of the 
Li 
b. The percolation of Li into the porous W structure will facilitate wetting 
3. Will Li percolation facilitate any additional D+ retention mechanisms and change the 
deuterium mobility behavior within tungsten? 
a. Because of lithium’s affinity for deuterium (via oxygen) deuterium mobility 
behavior will be impacted by lithium percolation as well as diffusion.  
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CHAPTER 5: POROSITY EFFECTS ON LITHIUM CHEMISTRY ON TUNGSTEN 
SURFACE 
5.1: Motivation 
As was alluded to in Chapter 2, surface chemistry has a significant impact on the core 
plasma performance; an example of surface chemistry manifested in performance enhancing 
techniques is conditioning. Reducing the impurity content that radiates off power is essential in 
obtaining high performance plasmas. Conditioning is a technique in which the wall is coated 
with what essentially functions as an impurity getter [48], [49]. Oxygen is found in the vessel as 
absorbed oxides sourced by air and water leaks, as well as diffusion to surface from the bulk wall 
material. Common conditioning techniques work, such as boronization, by facilitating the 
formation of volatile chemical compounds that are desorbed from the surface and pumped [13], 
[50]. The importance of the surface chemistry was recently shown with in-situ X-ray 
Photoelectron Spectroscopy of boronizations in the National Spherical Torus Experiment-
Upgrade, with a direct correlation between the oxygen content, changes in the chemical bonds of 
boron, and improved performance of the plasma [51]. 
Another PMI process, with influence on the plasma performance as well as fueling, that 
is impacted by the surface chemistry is the retention of hydrogen isotopes. Specific to the lithium 
hybrid system that is studied here, lithium chemistry is the mechanism for which hydrogen is 
retained by a Li plasma-facing material. Lithium’s reactive nature lends it to be an excellent 
getter of not just oxygen, but also deuterium; however, the mechanisms for which Li is retained 
on the surface have only recently been elucidated. A combination of simulations and experiments 
have shown the relative stability of the Li-O-D complex on surface with deuterium irradiation 
while Li-C, Li-D have a larger likelihood of being sputtered [52], [53]. Furthermore, 
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experimental results of deuterium irradiation on lithiated graphite have demonstrated a strong 
impact of the substrate material, carbon in the case, on the various bonding complexes that are 
present [54].  
These studies highlight the importance of understanding the dynamic chemical landscape 
of the surface, and the need to do so for the specific material surface. Furthermore, these studies 
have been conducted in specially designed experiments in which the surface chemistry can be 
isolated without concerns of atmospheric contamination [55]. These past experiments set the 
framework for the surface chemistry that is studied and presented here. 
 
5.2: Objective  
 With deuterium retention as a key PMI criterion for the feasibility of the hybrid system, 
the purpose here is to assess the Li chemical dynamics on lithiated porous tungsten. The effect of 
the surface structure on the chemistry is of interest, with Li-O-D and the Li2O complexes 
compared in lithiated porous and lithiated smooth tungsten surface. Samples have lithium 
deposited, melted on the surface and finally irradiated with deuterium ions. XPS spectra will be 









5.3.1: X-ray Photoelectron Spectroscopy (XPS) background 
The surface analysis technique that is utilized in this study is X-ray Photoelectron 
Spectroscopy. The advantages of XPS are that it is a non-destructive spectroscopy technique and 
that the analysis of the emitted photoelectrons gives insight into the chemical state. The principle 
of XPS is based on monoenergetic x-rays of energy ℎ𝜈 incident on the sample, leading to the 
emission of a photoelectron, according to the Photoelectric Effect, of energy KE; this kinetic 
energy is determined by an energy analyzer. With a given work function of the spectrometer, the 
binding energy BE of the atomic orbital that photoelectron is emitted from is given by the 
following equation: 
𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 − 𝜙𝑠      Equation 5.1 
The binding energy is defined by the difference between the orbital that the photoelectron 
was emitted from and the Fermi level, thus electrons that are emitted from different orbitals will 
have different kinetic energies based on the characteristic binding energy. Each orbital will have 
a different cross-section (probability) for electron emission that is intrinsic to that element, which 
is what allows for identifying and distinguishing of the concentrations of different elements 






Figure 5.1 : Schematic representation of photoelectron emission [57] 
 
The incident photons can penetrate on the scale of micrometers, but the emitted electrons 
have significant collision cross-sections which decrease the mean free path through the sample. 
As a result, the probing depth of XPS is limited to the first ~10nm of the sample [56]. Changes in 
oxidation state, chemical bonds have corresponding changes in the orbital configuration and thus 
changes in binding energy. The change in binding energy is reflected by a chemical shift of the 
peak positions in the spectra; this is what allows for the characterization of the surface chemistry. 
The sensitivity of the technique allows for the study of the changing surface chemistry of the 
lithiated porous W system. The two main components of an XPS system, an X-ray source and 
energy analyzer, nominally require ultra-high vacuum (UHV) on the of order 10-8 Torr to ensure 
a large enough mean free path and thus a significant number of counts detected as well as to 
protect the X-ray gun filament from oxidation. Note that the UHV pressure required for XPS is 




5.3.2: Ion Gas Neutral Interactions with Surfaces (IGNIS) chamber 
 The unique design and instrumentation of the IGNIS chamber facilitated the in-situ study 
of Li surface chemistry without ambient contamination between experimental steps and surface 
analysis. Mentioned previously, the pressure limit for a surface analysis technique is lower than 
any relevant modification processes. As a result, post-modification surface analysis would 
require exposure to the ambient in transit to an XPS facility with the suitable UHV conditions. 
This in turn would obscure any surface chemistry changes brought about during the modification 
process.  
 
Figure 5.2: CAD render of IGNIS 
 
The focus of the IGNIS facility is to conduct in-situ surface study of pertinent 
modification process. This is done in a custom stainless-steel vacuum chamber with the design of 
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modification and analysis techniques convergent on the center of the chamber. The chamber is 
equipped with 3 rough pumps (Edwards nXDS 10i) and 6 turbomolecular pumps (Pfeiffer 
HiPace series) for the ability to maintain UHV chamber conditions in addition to differential 
pumping of the various components. The differential pumping capability allows for relatively 
high chamber pressures during a modification process while maintaining the required pressures 
for proper operation in the analysis components; this allows for higher fidelity recreation of 
fusion conditions while conducting in-situ/in-operando surface analysis.  
     IGNIS is equipped with two focused ion sources from Non-sequitur Technologies 
(NTI) that can produce beams of different species (e.g. Ar, D, He, Xe, Ne, Kr, etc) with energies 
between 100eV-1000eV and fluxes between 1012-1013 cm-2s-1 for simulated ion bombardment or 
Low Energy Ion Scattering Spectroscopy (LEISS). Also present is a Kaufman and Robinson 
eH400 (gridless end-Hall ion source) capable of 100-300eV and fluxes of ~1016cm-2s-1, a Tectra 
Gen IV broad beam ion source (discussed in 5.3.2.5), and two evaporative deposition systems for 
Sn and Li (discussed in 5.3.2.3).  
As mentioned previously, the NTI ion sources can perform LEISS. Additional analysis 
hardware present on INGIS are a quadrupole Inficon high pressure RGA Transpector® XPR3, 
Inficon dual quartz-crystal microbalance, SPECS Phoibos-150 NAP energy analyzer (discussed 
in 5.3.2.2) and the SPECS XR 50 NAP X-ray gun (discussed in 5.3.2.1). 
Clean, UHV conditions in the main chamber and high experimental throughput are 
achieved with the use of a load-lock system where a small sample loading chamber is quickly 
pumped to match the main chamber pressure, separated by a gate valve. Once equilibrated, a 
magnetically coupled transfer arm is used to place the sample on an analytical manipulator stage 




Figure 5.3 IGNIS Facility with relevant components 
 
5.3.2.1: SPECS XR 50 NAP 
The main diagnostic source for surface analysis is the SPECS XR-50, which is capable of 
producing monochromatic X-rays in near ambient pressures. High voltages are applied to 
tungsten filaments (one for each anode) which emits electrons toward the respective anode which 
is on an Ag base (to prevent Cu Lα breakdown radiation). The anodes then give off characteristic 
radiation in the Kα1,2 lines resulting 1253.64 eV excitation from Mg (line width of 0.68 eV) and 
1486.51 eV excitation from Al (line width of 0.85 eV). The front assembly includes a thin Si3N4 
foil that prevents electron leakage from the gun and a cross-talk suppression rod so that only one 
anode is excited at a time. Additionally, a metal sheath surrounds the assembly and allows for the 











Figure 5.4: SPECS XR 50 NAP [58] 
 
The twin anodes, Al and Mg, are differentially pumped with a Pfeiffer HiPace80 
turbomolecular pump which allows for in-situ operation in chamber pressures as high as 5mTorr. 
In addition to the differential pumping, the anodes are also actively cooled (controlled by the 
SPECS CCX 70) with a closed loop chiller to prevent anode degradation and subsequent 
desorption from any XR 50 components. The power and cooling delivered to XR 50 is regulated 
by the SPECS UXC 1000, which can provide up to 300W to the Mg anode and 400W for the Al 
anode [58]. 
The monochromatic X-ray that are incident on the sample excite characteristic 
photoelectrons and Auger electrons (characteristic to the energy of the X-ray as well). These 
electrons are collected by the Phoibos 150 NAP hemispherical energy analyzer.    
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5.3.2.2: SPECS Phoibos 150 NAP 
 In addition to the XR 50 NAP, the SPECS 150 NAP is specially made to operate with 
near ambient chamber pressures while maintaining a relatively large (3cm) working distance. 
The combination of differential pumping and high resolutions allows for meaningful, resolved 
data to be collected in a high-pressure environment (up to 750mTorr). This modified 
hemispherical analyzer utilizes a set of pumping stages, apertures and irises to maintain UHV 
(<5×10-6 Torr) for the MCP detector [59]. 
 
The SPECS Phoibos 150 NAP is a 180° hemispherical analyzer with a mean radius of 
150mm, consisting of non-magnetic components and shielded in two layers of 2mm thick μ-
metal to ensure no spectra distortion due to external magnetic fields. Charged particles (electrons 
in the case of XPS, ions in the case of LEISS) of some energy and momentum distribution enter 
the lens system where they are focused and directed toward the energy filter. The acceptance 
angle of the entrance slit will change the intensity and resolution in inverse fashions. From there, 
they enter biased, concentric hemisphere so that only a particular energy range passes through 
into the MCP/Phosphor screen to the 2D CCD detector. The 2D CCD detector allows for energy 
and momentum information. There is additional pumping by a HiPace 80 turbomolecular pump 





Figure 5.5: SPECS Phoibos 150 NAP [59] 
 
5.3.2.3: Lithium Evaporation Deposition System (LEDS) 
 Obtaining a lithium surface on a sample poses some challenges within the constraints of 
the IGNIS setup. Lithium cannot be deposited on the sample outside of vacuum because of rapid 
oxidation due to lithium’s reactive nature. An evaporative deposition system was developed 
where lithium is resistively heated within a ceramic crucible, placed inside of a cylindrical 
enclosure with a cone-shaped top and a small aperture at the top. The flange has a high current 
feedthrough which is connected to a tungsten basket in which a boron nitride crucible filled with 
Li pellets is placed. Right below the basket is a thermocouple used to monitor the temperature 




Figure 5.6: CAD rendering of LEDS, a) tungsten heating basket, b) boron nitride crucible, c) 
Sample location, d) Li evaporation flux, e) stainless steel cylinder housing [61] 
  
The thickness is calculated based on the Knudsen equation [62]. Assuming maximum 
evaporation and a negligible hydrostatic pressure because of UHV conditions, the mass 










The vapor pressure, Pe, can be found using an empirical equation, shown below, where 
the constants depend on the temperature range under consideration [63] : 
𝑙𝑛𝑃 ∝ 𝑎 − 𝑏
𝑇
− 𝑐𝑙𝑛𝑇      Equation 5.3 
 





       Equation 5.4 
 Ia is the impingement rate, 𝜃 is the angle of the evaporator flux to the normal of the 
surface, Ae is the size of the aperture of the evaporator, Ω is the solid angle and r is the distance 
between the evaporator and sample. The physical constants based on temperature were recorded 
and compiled into a spreadsheet developed by Dr. Anton Neff. This spreadsheet takes 
temperature input (from the thermocouple reader) and gives a deposition rate at that temperature, 
which can then be integrated over time to give deposition; this is detailed further in Dr. Neff’s 
master’s thesis [61]. 
 
5.3.2.4: UHV manipulator, heating stage 
Samples are transferred from the LL to the main chamber, where they are placed on an 
analytical manipulator stage. A custom XL-T analytical stage from UHV design is used, capable 
of 5 axes of motion (X, Y, Z, azimuthal rotation and polar rotation), liquid nitrogen cooling, 
resistive heating, and an isolated stage for sample current measurement or biasing of the sample. 






Figure 5.7: UHV design sample manipulator 
 
An isolated plate is attached to backside of the manipulator stage that measures current 
via a BNC feedthrough to a Keithly picoammeter. On the manipulator stage, the puck is seated 
within a ring of spring clamps. Within that, there is a tungsten resistive heating element that can 
heat up a sample to 900°C. The temperature is monitored and regulated by a thermocouple post 
at the middle of the sample puck which is fed through to a heater feedback control system that 





Figure 5.8: Sample stage with arrow indicating thermocouple 
5.3.2.5: Tectra GenIV Broad Beam Ion Source 
The primary irradiation source used in this experiment was the Tectra GenIV broad beam 
ion source, a microwave-based plasma source. A plasma is created by a directly coupled 
2.45GHz magnetron in a coaxial wave guide with a magnetic hexapole ECR absorption. A set of 
grids are used to extract ions and accelerate them to energies between 250eV-2000eV. With a 
working distance of 25cm and a spot size of ~4cm, the flux achievable is on the scale of 1014 cm-
2s-1. Typical ion species used are D2+,He+, Ar+, Ne+, Kr+, Xe+. [65], [66]. 
 
 




 Porous W samples via SPS (detailed in section Chapter 4) were produced as 1 in (~2.54 
cm) desks with a thickness of 2 mm. A quick polish of the surface is done to remove the grafoil 
layer used in SPS process. These are samples are then subsequently cut into quarter pieces, 
shown in Figure 5.1, via an Electrical Discharge Machining (EDM) process. 
 
Figure 5.10: SPS porous W quarter piece 
 
The sample is loaded into the IGNIS (Section 5.3.2) chamber onto the manipulator 
(Section 5.3.2.4). The sample is first cleaned with a 1 keV Ar+ ion beam produced by the Gen II 
broad beam ion source (Section 5.3.2.5) for 20 minutes, verified by before and after XPS spectra. 
The sample is rotated to face the LEDS system (Section 5.3.2.3) for lithium deposition of 
800nm. The XR-50 X-ray source (XRS, Section 5.3.2.1) is used to collect a survey scan as well 
as a region scan of the L1s (50eV-65eV binding energy). Subsequently, the sample is heated via 
the manipulator heating stage (Section 5.3.2.4); an XPS scan is taken after the melting. The 
sample is then rotated to 45° between the Tectra Gen II broad beam and the Phoibos 150 NAP 
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analyzer (Section 5.3.2.2). The sample is then exposed to 500eV D2+ (250 eV/amu) to a fluence 
of 1 × 1017 cm-2, after which the final XPS spectra was taken. The same procedure was done for 
a polished, commercial 1cm diameter tungsten disk of 2mm thickness.  
The progression of Li 1s region from Li deposition, melting and irradiation are compared 
between the porous and smooth samples. Spectra are exported as .vms files from the analyzer 
software interface, SPECS Prodigy, to CasaXPS, a processing software for XPS. The 
deconvolution starts with isolating the peak(s) by subtracting the background. A typical 
subtraction scheme that is also used here is the Shirley background. A crude description of the 
Shirley background is that it is an iterative algorithm which sets the background of the defined 
range based on a proportionality of the areas within that range. Once this is done, CasaXPS 
produces an envelope shape of the peak which is the combination of Gaussian and Lorentzian 
line shape that best fits the data. The envelope is then decomposed into the different chemical 
complexes based on a set of corresponding constraints (for example, peak position and/or peak 
area) that are usually found in literature [67]. The FWHM of the fitted peaks is a function of the 
analyzer. Table 5.1 summarizes all the input constraints for this analysis of Li-O-D, Li2O 
progression in the Li1s region while the porous and smooth tungsten samples have lithium 
deposited and melted on the surface and then irradiated with D2+. 
Bond Position (eV) [52], 
[54] 
FWHM (eV) Region 
Li-O-D 56.3±1.5 1.05±.25 
Li1s 
Li2O 55.6±1.5 1.05±.25 




 Figure 5.11 shows the Li 1s region throughout the progression of the experiment. The 
evolving surface chemistry can be compared by observing the respective chemical shifts during 
the progression of the experiment. The entire experiment, including the XPS spectra taken 
between each step, was done continuously without breaking vacuum and exposing to the 
ambient, thus simplifying the task of isolating the surface structure effects on the chemistry. The 
smooth W sample after Li deposition can be seen to have two prominent peaks, indicating the 
presence of at least two different complexes.  
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A similar observation can be made to a lesser extent on the post deposition porous W 
sample. The second peak near Li2O in the smooth W spectra is no longer present after melting. 
There is a subtle shift left in the post melt spectra for porous W; however, there is diminished 
peak structure that can be attributed to percolation. Post irradiation spectra shows a stronger peak 
from the porous W, with a shift left toward the Li-O-D complex, while there is a shift right 
observed for the smooth W case. 
 
The shifts can be better visualized by conducting the deconvolution described earlier; the 
Li 1s region is deconvoluted to Li2O and Li-O-D to isolate each of the complexes’ contribution 
to the overall region spectra. As expected, relatively small amounts of Li-O-D are seen, as there 
has been no exposure to the deuterium beam. The oxygen native to the sample surfaces or water 
vapor found in the chamber is likely responsible for the formation of lithium oxide, in both 




Figure 5.12: Li 1s deconvolution after Li deposition 
 
 Figure 5.13 shows the deconvolution of Li 1s after the samples have been melted to 
230°C. Again, there is no appreciable Li-O-D. As mentioned earlier, percolation in the case of 
the porous W is evident, with no appreciable peak of either complex, with a strong drop in the 
oxide seen from post deposition to post melt. There is a marked increase in the oxide on the 
smooth W, attributable to oxygen outgassing from various components during the heating of the 
sample. 
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Figure 5.13: Li 1s deconvolution after Li melt 
 
 
Figure 5.14: Li 1s deconvolution after D2+ irradiation 
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The final deconvolution after the 500eV D2+ 1×1017 cm-2 exposure is seen in Figure 5.13. 
Most notably is the abundance, especially given the relative scarcity of Li throughout the 
experiment found on the surface due to percolation, of Li-O-D in the porous W case while 
neither complex being seen in the smooth W case despite the presence of a peak in its Li 1s 
region. This indicates that the peak is predominantly contributed to by a complex that was not a 
part of this analysis.  
 
5.5: Conclusions 
It is important to note the difficulty and complexity to accurately deconvolute; a peak can 
be exactly recreated with enough contributing peaks but there is a physical limit to the number of 
complexes on the surface. This analysis neglects those complexes, with the focus on the Li-O-D 
vs. Li2O in quantifying which of these surfaces would be more conducive to retention via the Li-
O-D complex. There is a clear determination that this deuterium retaining complex is formed 
more so on the porous W substrate as opposed to the smooth W. Furthermore, percolation is 
expected within a porous media but has been observed in this case by XPS and its 10nm probing 
depth.  
To further quantify the present complexes on the surface of each of these substrates, the 
deconvolution requires more inputs from the various complexes that are predicted to be present. 
More scans with greater dwell times will be required to increase counts for a more accurate 




The hypothesized difference in the surface chemistry of the different surface structures 
resulting in a difference in deuterium retention via the Li-O-D complex was observed. However, 
more of the deuterium retaining chemical pathways need to be added to this analysis to obtain an 
overall idea of how the surface structure affects the deuterium-relevant chemistry. Furthermore, a 
broader analysis technique, such as Thermal Desorption Spectroscopy, will give a more holistic 
quantification in a more relevant, simulated environment that goes beyond the isolated chemistry 
















CHAPTER 6: MACROSCOPIC WETTING OF LITHIUM ON POROUS TUNGSTEN 
6.1: Motivation 
The implementation of a liquid metal plasma facing surface is contingent on how well the 
liquid wets and persists on the surface; the advantages of a liquid metal surface are fully utilized 
only if there is liquid present on the wall. Furthermore, one of the underlying justifications in 
developing this hybrid system is the protection of the structural tungsten substrate with the liquid 
and vapor phase of the chosen liquid metal. A correlation between the ejection of the structural 
material and ejection of the liquid metal has been observed in the NSTX Liquid Lithium Divertor 
(LLD) experiments [68].  A feasible liquid metal must be resistant to ejection when subjected to 
electromagnetic body forces, shear forces and off-normal events [69]; Jaworski and colleagues 
show this quantitatively by balancing MHD-driven Rayleigh-Taylor body force instabilities and 
the stabilizing interfacial surface tension, shown in Figure 6.1; this figure demonstrates the impact 
of substrate porosity on  liquid metal stability.  
 




6..2: Wetting background 
The extent of wetting can be characterized by several quantities: the wetting angle and 
spreading parameter. The focus of this analysis will be on the wetting angle. The threshold for 
wetting is defined by the wetting angle of 90°: a wetting angle less than 90° is characterized as 
hydrophilic (for this work, hydrophilic/phobic describes general wetting behavior, not pertaining 
to water) and hydrophobicity is defined as a wetting angle greater than 90°. Qualitatively, 
wettability is dictated by competing forces: the cohesion of the liquid and the adhesion of the liquid 
on the surface. Quantitively, the balance of forces at the interface that result in a wetting angle is 
represented by Young’s formula, shown below: 
 
𝛾𝑆𝑉 = 𝛾𝐿𝑉𝑐𝑜𝑠𝜃 + 𝛾𝑆𝐿 ⇒ 𝑐𝑜𝑠𝜃 =
𝛾𝑆𝑉−𝛾𝑆𝐿
𝛾𝐿𝑉
   Equation 6.1 
 
𝜃 is the wetting angle and 𝛾, the energy cost to increase the surface area of an interface, 
represents the surface tension between the two phases in the subscript (S: solid, V: vapor, L: 
liquid). Equation 6.1 represents the ideal case of a smooth, homogenous surface; a porous surface 
complicates this description. The relationships between the interfacial areas, more so the changes 
among them, is no longer straightforward. Two different models attempt to modify the base case 
described in Young’s equation: Wenzel and Cassie-Baxter [40]. 
Briefly, the Wenzel model is based on the premise that locally the interface will follow 
Equation 6.1 and the surface in its entirety consists of many of these interfaces, therefore the 
roughness only enhances the wetting characteristics of the homogenous surface. This is shown in 
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the equation below where 𝜃∗ is the apparent wetting angle, r is the roughness parameter and 𝜃𝐸 is 
the wetting angle according to Young’s Equation [40]. 
 
𝑐𝑜𝑠𝜃∗ = 𝑟𝑐𝑜𝑠𝜃𝐸      Equation 6.2 
The Cassie-Baxter model treats the solid interface as consisting of two materials. The case 
of wetting, the liquid imbibes into the void space within the surface. As a result, the apparent 
wetting angle depends on the liquid-solid (homogenous) surface tension, the liquid-liquid surface 
tension, and fraction of the total surface area of each.  Liquid-liquid interface is “perfect wetting 
and the Cassie-Baxter relation reduces to Equation 6.3, where Φ𝑠 represents the relative fraction 
of the solid material that is on the surface.  
𝑐𝑜𝑠𝜃∗ = 1 − Φ𝑠 + Φs𝑐𝑜𝑠𝜃𝐸    Equation 6.3 
 
Young’s equation and the Cassie-Baxter relation can provide insight to the factors that 
affect wetting. The effects of roughness are manifested in the Wenzel and Cassie-Baxter relations. 
What is implicit in this discussion is the bonding within the different phases as well as between 
the different phases. The values of the interfacial surface energies have the obvious impact on 
wettability, so factors that influence those values will as well; the most prevalent one that will be 
the focus of this study is the temperature dependencies of the interfaces. Temperature changes 
result in changes in bonding throughout the system and thus how much additional energy would 
be needed in changing the interfaces as dictated by the surface tensions. Generally, a higher 
temperature in the liquid results in weakened cohesive forces within the liquid, more conducive to 
adhesion to the solid surface [70]. The Cassie-Baxter model introduces multiple interfaces; 
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changes in the phases regarding bonding will result in different interfacial energies. More 
explicitly to this work, any general type of impurity will affect the wetting. Impurities in this 
context include those from the environment as well as those that result from a chemical reaction 
between some combination of the present phases; a common example of this is oxidation.  
The design of the porous tungsten media involves consideration of pore radius to ensure 
LM flow to the surface interface but also in the stability of the LM on the surface. 
 
6.3: Objective 
 The design of the porous tungsten media involves consideration of pore radius to ensure 
LM flow to the surface interface but also in the stability of the LM on the surface. The difficulty 
in accurately representing the surface roughness prevents the determination of a surface to be 
hydrophilic or hydrophobic. The purpose of these experiments is to observe the wetting angle of 
Li on SPS-produced porous tungsten for various temperatures. Furthermore, the solid-gas surface 
tension will be determined with the measured contact angle.  
 
6.4: Methods 
6.4.1 Materials Characterization Test Stand (MCATS) 
The reactive nature of Li results in the rapid oxidation of the Li [71]. Ensuring a study of 
the interface between liquid Li and the porous W necessitates a low-pressure environment. Such 
conditions are suitable not only to isolate the study to Li but also mimic the vacuum conditions 




Figure 6.2: Materials Characterization Test Stand (MCATS) 
 
The Materials Characterization Test Stand (MCATS) facility was used, in collaboration 
with the Prof. Ruzic’s Research Group at the University of Illinois, to conduct in-situ observation 
of wetting angle in a base pressure of 10-6 Torr. The chamber, pictured in Figure 6.2, is equipped 
with a turbomolecular pump as well as a cryogenic pump [72]. The two main components of 
MCATS are the Li injector system and the sample stage. The principle of the MCATS setup is to 
inject Li droplets onto a moveable stage. A picture is taken by a frame-mounted, high-resolution 




Figure 6.3: MCATS principle schematic [73] 
 
The lithium injector has a resevoir that is filled with solid Li in an argon atmosphere  
glovebox. During the experiment, the injector reservoir and nozzle are heated with sleeve heaters 
and heating wrap, controlled with a Variac variable transformer. Once the Li is heated beyond its 
melting point (~180°C) and the nozzle is heated, the reservoir is back pressured with argon to 
force the liquid Li down the nozzle. Fine control of the Li injection is done with an Ultra-Torr 
vacuum feedthrough ramrod. The stage is a 150×160mm moveable, via an Ultra-Torr 
feedthrough of a linear travelling-screw stage that is mounted on a 20mm thick Watlow ceramic 
plate heater which is also heated by a Variac variable transformer. Temperatures are monitored 
using K-type thermocouples; the temperatures are adjusted to the desired values using the Variac 





Figure 6.4: MCATS setup showing Li injection from nozzle onto heated sample stage 
[73] 
6.4.2: Experiment  
The SPS produced porous W samples are polished to remove the grafoil layer from the 
SPS process. Samples are then placed in an ultrasonic bath and dried. Samples are fixed to the 
heating stage using silver paint to promote thermal conductivity between sample and stage. Once 
the lithium is heated and dropped onto the heated sample, high resolution pictures were taken with 
a 6000×4000-pixel camera with a 500W halogen bulb. From these pictures, the wetting angle is 
observed. Four sample samples were affixed to the heating stage to capture the wetting at 4 
different temperatures: 250°C, 300°C, 350°C, 375°C 
 
6.5: Analysis  




                         
            
 
Figure 6.5a-d): Li droplet on porous W sample at indicated temperature 
In all four cases, there almost complete wetting is observed (Note, in Figure 6.5 b), the nozzle 
and sample were not center-aligned and the resulting Li droplet fell on the edge). Furthermore, 
the wetting in 3 of the 4 cases were immediate. The exception was the test conducted at 350°C, 
which took approximately 9 seconds to fully wet like the other tests. Fortuitously, a sequence of 
photographs was taken to observe the gradual wetting process. This is shown in Figure 6.6 with 
the time from Li droplet landing on the sample and the observed wetting angle indicated.   
a) 250°C b) 300°C 
c) 350°C d) 375°C 
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Surface contaminants or debris might have been the reason for the delayed wetting. 
Alternatively, at 350°C, the evaporation of Li becomes non-trivial, and the Leidenfrost effect 
becomes another plausible explanation. The Leidenfrost effect occurs when a liquid comes into 
contact with a body hotter than the liquid’s boiling point, leading to a vapor layer between the Li 




Figure 6.6: A sequence of Li drop injected onto 350°C porous W surface, and progressively 
wetting the surface until compete wetting, resulting in Figure 6.5 c). 
 
 To contextualize these results, a similar study conducted in MCATS by P. Fiflis et al. 
with untreated and treated (a glow discharge of 250eV, 2.5×1019m-2s-1 Ar+) surfaces of smooth 








349°C,  at 337°C after 30 min of Ar treatment, and 308°C after 150 min of Ar treatment [73]. 
Without any treatment, porous W has demonstrated superior wetting of lithium, with almost 
complete wetting as low 250°C.  Comparing the untreated smooth to untreated porous W 
samples, there is a 99°C decrease in necessary temperature, but with the difference of marginal 
wetting in the smooth case vs. complete wetting in the porous case. 
 To further quantify how conducive the porous W surface is to wet, the solid-gas interface 
surface tension is approximated. First, an empirical formula is required to determine the lithium 




𝑚 ] = 438.98 − 18.44 × 10
−3𝑇 [𝐾] − 
132.20 × 10−6𝑇2 + 37.44 × 10−9𝑇3      Equation 6.4 
 
At 250°C, this value is 0.39853 𝑁
𝑚
; at 349°C, it is 0.38534 𝑁
𝑚
. Referring to Young’s 
Equation (Equation 6.1), there are two unknown variables: 𝛾𝑆𝑉 and  𝛾𝐿𝑆, thus necessitating 
another relation. An equation of state for the interfacial surface tension can be formulated based 
on the molecular interactions intrinsic to the solid surface tension and the liquid surface. The 
result is shown in Equation 6.5 below.  
 
𝛾𝑆𝐿 = 𝛾𝐿𝑉 + 𝛾𝑆𝑉 − 2√𝛾𝐿𝑉𝛾𝑆𝑉𝑒−β(γLV−γSV)
2     Equation 6.5 
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𝛽 is solved iteratively to be 123.4 𝑚
2
𝑁2
[75]. Equation 6.1 and 6.5 can be combined to 
substitute out 𝛾𝑆𝐿 in the following: 
 
𝑐𝑜𝑠𝜃 = −1 + 2√
𝛾𝑠𝑣
𝛾𝑙𝑣
𝑒−𝛽(𝛾𝑙𝑣−𝛾𝑠𝑣)2    Equation 6.6 
This is solved implicitly for 𝛾𝑆𝑉. The void space fraction must be accounted for in the 
case of the porous W. The measured contact angle corresponds to 𝜃∗ in the Cassie-Baxter 
relation (Equation 6.3), which must be used to find the Young’s angle. A surface area fraction of 
.7 (approximated by the density of the porous W substrate, discussed in Chapter 4) is used and 
results in 𝑐𝑜𝑠𝜃𝐸=0.95. Plugging this into Equation 6.6 yields a surface tension for porous 
tungsten of 0.389𝑁
𝑚
. For the smooth untreated case, a wetting angle of 90° was yielded at 349°C, 




The surface tension of a solid surface does not solely determine wettability. However, a 
higher surface tension does suggest that surface is more likely to wet. A higher solid-gas surface 
tension indicates that it takes a higher amount of energy to increase the surface area of the 
interface. In the case of liquid wetting, a hydrophobic surface would necessitate a greater solid-
gas interface, thus requiring more energy in expanding that interface. A surface with higher 
solid-gas surface tension is more inclined to better wetting than one with lower surface tension, 





The addition of surface roughness does not easily imply a more hydrophilic or hydrophobic 
surface. Spark plasma sintering is a random process without design control of the structures 
formed. Therefore, quantifying a representative roughness represents a difficult task. Instead, a 
qualitative characterization of liquid lithium wetting on a porous substrate was done here. It was 
observed that the wetting is greatly enhanced by the porosity of the SPS porous W, compared to a 
smooth W surface. This is an indication of stability of Li on the surface. If the Li were not able to 
wet on the surface, and were to ‘bead’ on the surface, the Li is much more likely to eject into the 
plasma. A porous W substrate has demonstrated to be a platform for retaining Li as an interface 
between the plasma and solid substrate beneath.  
 These conclusions can be viewed, in context to the purported design purpose of the hybrid 
system. The porous W is able to provide stability for the liquid metal interface, thus retaining the 
advantages of the liquid metal wall, without contamination of the core plasma, all the while 
protecting the structural W. The implications of these interfacial surface tension values on the 
surface replenishment are not clear and will be the topic of future study. Furthermore, future work 







CHAPTER 7:  LITHIUM AND DEUTERIUM DYNAMICS IN MESOPOROUS 
TUNGSTEN 
7.1: Motivation 
 The allowable tritium limit is a strong motivator in quantifying the extent of hydrogen 
retention and by what mechanisms. Lithium’s relatively high affinity and uptake of hydrogen 
make its high retention characteristics highly conducive of a low recycling regime; low recycling 
regimes have resulted in improved plasma performance through impurity (specifically cold fuel 
in this context) gettering and enhanced pedestal profile [38], [76]. The high retention 
characteristics of liquid lithium also pose a challenge in fuel recovery as well as the regulatory 
restrictions of on-site tritium inventory. The tritium demand of ITER, and a DEMO fusion 
reactor after that, require an expansion of current supply levels but also high fueling efficiency 
[77] [13].  The safety limitations dictate a tritium inventory of 1kg, with 120g assumed to be 
unreachable; accounting for uncertainty, the imposed administrative limit amounts to 700g [78]. 
The drawback of a carbon PFC in retaining H within redeposited layers is shown by T. Loarer et 
al., who demonstrated that a extrapolation of present day carbon machines to the ITER scale 
would reach the tritium limit in several hundred shots [79]. The allowable tritium limit is a 
strong motivator in quantifying the extent of hydrogen retention and by what mechanisms. 
Beyond the mechanisms for retention, understanding and quantifying the mobility/transport of 
hydrogen within the PFC is critical in the long-term retention perspective. Despite the relatively 
large amounts of retained hydrogen species in carbon layers, one of the primary mechanisms for 
the retention in these layers is due to chemical bonds between the carbon and hydrogen. As a 
result, the mobility of hydrogen is relatively limited in carbon, compared to the proposed 
metallic wall materials such as tungsten [80].   
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 Despite the engineering/logistical issues that high hydrogen retention entails, high 
retention PFCs like liquid lithium, present an opportunity to enhance the plasma performance 
while allowing for the possibility of fuel recovery. The mechanisms of hydrogen retention in a 
solid metallic PFC (such as tungsten), such implantation and trapping, make for the recovery of 
trapped fuel difficult. Liquid metal loop systems have been proposed to remove dust or solid 
particles and to recovery tritium fuel [39]. Schemes for hydrogen isotope removal have been 
studied, such as surface cold traps, centrifuges, and distillation columns [81], [39], [82]. Such 
systems facilitate LM wall systems, and so understanding the transport behavior of hydrogen 
isotopes relative to the liquid metal is essential to quantify and thus determine the feasibility of 
such a hybrid system within the frame work of a liquid metal loop system. 
 
7.2: Objective 
 The implementation of the proposed hybrid system is contingent on understanding the 
lithium fluid dynamics through the mesoporous substrate, and the behavior of the hydrogen 
isotopes relative to lithium within the substrate structure. The objective of this experiment is to 
start understanding the overall retention of hydrogen, the mobility of the hydrogen within the 







7.3: Methods  
7.3.1 Elastic Recoil Detection background 
 With the focus of this study on understanding the retention and diffusion mechanisms of 
hydrogen, the mobility of a liquid metal throughout the substrate, and any dependencies of the 
former on the latter, a suitable analysis technique is necessary. With depth information on the 
scale of microns essential to this study, surface sensitive techniques such as XPS (~10-20nm 
probing depth) and LEISS (1-5nm probing depth) are not suitable. The probing depth 
requirement calls for a higher energy probing species; three different ion beam analysis 
techniques match this requirement: Nuclear Reaction Analysis, Rutherford Backscattering 
Spectroscopy, and Elastic Recoil Detection.  
 Nuclear Reaction Analysis is a common technique in quantifying hydrogen retention 
based on the following reaction:  
    3He+D → 𝛼 + p + 18.353MeV   Equation 7.1   
  
 Rutherford Backscattering Spectroscopy utilizes the scattered ions incident on a surface 
to determine elements present based on kinematic equations, the initial energy of the incoming 
ion, its own mass and the particle’s final energy as detected, as shown below where 𝜃 is the 














Elastic Recoil Detection is a similar scenario except the recoil ions from the target are 





 𝐸𝑆,𝑖 cos2 𝜙     Equation 7.3 
  
 The scattering species is nominally heavier than the recoil species, thus making it easier 
for the detection of the lighter recoil species. Thus, ERD is especially useful in detecting lighter 
elements within a heavier matrix. Low hydrogen energy loss in solids makes for easier depth 
resolved H/D concentrations using ERD [84].  The depth resolution of these techniques allows 
for the detection of recoil ions from deeper within the target that have lost energy. As a result, 
they appear on the spectra as broadening on the lower energy side.  
 
7.3.2: DIONISOS 
The behavior of Li percolation was studied with the Dynamics of ION Implantation and 
Sputtering of Surfaces (DIONISOS) experimental facility at MIT. DIONISOS is an in-situ ion 
beam analysis facility that allows for steady-state plasma exposure of material surfaces while 
probing the surface/near-surface with non-destructive ion beam techniques. The plasma source is 
a helicon source with an m=1 Nagoya type III antenna powered by a 13.56 MHz RF power supply. 
A set of four water cooled Helmholtz coils that can produce an axial 1kG magnetic field confine 
the plasma and can create plasma discharges of ion fluxes on the order of 1016-1017 cm-2s-1 with 
ion temperatures from 2-6eV [85] [86]. 
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  A Pelletron tandem ion accelerator with a maximum terminal potential of 1.7 MV allows 
for ion beam analysis using a monoenergetic ion beam that can be focused and steered with 
electrostatic steering plates to a beam size as small as 2-mm in diameter, and typical beam currents 
for surface analysis of 0.5-3.0 μA. Based on the charge state of the analysis species, the beam 
energy can be from 3.4-10.2 MeV. The accelerator has a sputter source as well as a RF source to 
create different analysis beams. In a 90° offset from the ion beam are various solid-state detectors 
for either scattered particles from RBS or the recoil target species for ERD; the detectors can filter 
out the scatter species when doing ERD and vice versa. A schematic is shown in Figure 7.1 [85], 
[86]. Ion beam analysis in DIONISOS includes Rutherford Backscattering Spectroscopy (RBS), 
Elastic Recoil Detection (ERD), Nuclear Reaction Analysis (NRA) and Particle-induced Gamma 
Ray Emission (PIGE). SimNRA is used to predict and contextualize what the IBA spectrum would 
look like based on Equations 7.1-7.3 as well as the energy loss characteristics of both the ion beam 






Figure 7.1: Helicon generated plasma, measured by a Langmuir, confined by Helmholtz coils. 
Ion beamline, downstream from the Pelletron tandem ion accelerator, is a 45° from the plasma 
source with the solid-state detector 90° from the ion beam. The target stage is on a rotatable 
platform [86] 
 
The stage is capable of rotation to face either the analysis beam, plasma source or 
detector. Additionally, samples can be heated to 300-800K during exposure, monitored by 
thermocouples and infrared imaging. The samples are electrically isolated from ground and can 





Figure 7.2: DIONISOS in operation, with a helicon-generated plasma 
 
 Lithium deposition was done in in-vacuo with an identical evaporation system used in 
IGNIS (described in 5.3.2.3). The positioning of the Li deposition system is shown in Figure 7.3. 
 




 Circular samples of 1 cm in diameter with a roughly polished surface (to remove 
graphfoil from SPS process) are placed inside a vented DIONISOS. The sample is cleaned with 
Ar+ for 5 min and ~1μm Li is subsequently deposited, which can be seen in Figure 7.4a. At the 
beginning of the deposition as well as during the deposition, an O4+ 8.9 MeV analysis beam is 
used to monitor the Li deposition. Once the lithium is deposited, an O3+ 7.2 MeV analysis beam 
is used while the sample is heated to ~210°C and subsequently irradiated with D+ 1.75×1016cm-
2s-1 flux to 1.16×1019cm-2 (seen in Figure 7.5b). The high energy analysis beam is used once 
more at the end of the experiment.  
 
 
Figure 7.4: a) ~1μm Li deposited on porous W using DIONISOS LEDS system b) Porous 





Data was obtained from the solid-state detectors as counts vs. channel number 
proportional to energy. The data is smoothed using the Savitzky-Golay technique. The positions 
of the relevant species were found using SimNRA for analysis and indicated on the data plots; a 
homogenous mix of 70% tungsten and 30% lithium by volume was used as the SimNRA input. 
The smoothed ERD spectra from the 8.9MeV analysis beam is shown in Figure 7.5. The black 
curve is taken before any deposition, with no Li present. As the deposition starts, the Li signal 
increases until the deposition is complete. The final spectra taken at 8.9MeV after the irradiation 
shows a broadening of the Li peak toward lower energies; this is an indication of an attenuated 
signal and thus Li signal from further in the sample. Qualitatively, percolation is what is 
expected after the melting of the Li.  
 
Figure 7.5:  ERD spectra before, during and after Li deposition as well as after irradiation 
obtained with a high energy oxygen analysis beam 




 When switching to the 7.2 MeV analysis beam, a different sequence of the experiment is 
captured, and deuterium can be observed, as seen in Figure 7.6. As was the case for the 8.9 MeV 
beam, there is no signal of either Li or deuterium at the start of the experiment. There is a peak 
that appears once the deposition is complete, as well as during the Li melting. The spectra after 
melting is observed to be lower than before the melting, indicating some percolation already. 
During the irradiation, two key developments occur: the appearance of deuterium and a similar 
broadening of Li toward lower energies, as seen with the analysis beam. Additionally, the 
lithium broadening overlaps with deuterium broadening. Similar to the higher energy analysis 
beam, the broadening of these peaks suggests an attenuated signal from further within the 
sample, again indicating percolation for Li. The mechanism for deuterium’s presence deeper in 






Figure 7.6: ERD spectra before, during and after deuterium irradiation as well as after Li 
deposition, obtained with a low energy oxygen analysis beam. The blue and dark yellow plots 
correspond to the same steps, so the evolution in between, during irradiation is shown in the low 
energy analysis beam plot. 
 
A linear extrapolation of  the deuterium diffusion coefficient in tungsten, ~2×10-10 m2s-1 , 
can be used to obtain an approximate fraction of the total density that diffused to the probing depth 
of ERD [87], [88]. Using an approximate probe depth of 100nm, and an irradiation time of 663s, 
the analytical solution to Fick’s diffusion equation, shown in Equation 7.4, a rough estimate of the 





)     Equation 7.4 




This suggests that at this depth, D diffusion is still a strongly contributing process on the 
considered time and length scales. Based on this, nothing can be said about the role of Li 
percolation in enhancing the deuterium mobility into the porous W sample.  
 
7.5: Conclusions 
 The wetting tests described in the previous chapter demonstrate Li percolation on a 
qualitative, macroscopic level. This was further seen on a more macroscopic level using ERD. 
Additionally, deuterium was seen within the sample but the mechanisms that contribute to the 
deuterium mobility, the deuterium sinks, and the role of the percolated lithium in retaining 













CHAPTER 8: SUMMARY AND FUTURE WORK 
 
 There is no consensus on what the plasma facing components in a burning plasma fusion 
reactor will look like. The operations and performance of ITER will start to answer those 
questions, in context to the status-quo of plasma materials. However, if early tests conducted on 
machines such as JET are any indication, the current paradigm of materials will face its own 
challenges in becoming fully suitable for the fusion plasma environment. The development of 
different materials in parallel allows for a growth of the fundamental sciences behind these 
material systems as well as the study of alternatives that may fair to be better options for a 
burning plasma system.  
The hybrid system that is studied here is an attempt to utilize the strengths of material 
systems known today, while mitigating some of the weaknesses through the synergy of 
seemingly distinct material approaches. The results presented here demonstrate the feasibility of 
incorporating, a liquid metal into a porous tungsten substrate, both in wetting and percolation. 
Furthermore, this integration has shown favorable PMI characteristics, such as the potentially 
controllable retention of deuterium Li-O-D. 
 The results presented here motivate the further study of this hybrid system. The 
introduction of liquid lithium into a porous tungsten substrate has demonstrated promise in 
implementation, from the perspective of liquid metal stability to a unique surface chemistry 
impacting impurity gettering. There are several proposed utilities and aspects that remain to be 
studied, that are postulated to have even more beneficial utilities in terms of PMI and interacting 
with the edge plasma; these will be the focus of the future work.  
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8.1: Additive manufacturing of hierarchal mesoporous tungsten  
With its high melting point and hardness, a porous tungsten media cannot be made from 
the conventional metal foam manufacturing techniques, such gas injection foaming or the use of 
blowing agents [89]. The spark plasma sintering technique used to produce the porous W samples 
used in this study lacks sophistication in designing the material. 
Advances in additive manufacturing (AM, also known as “3-D printing”), which is 
centered around layer-by layer production, allows for particular structure design made of various 
materials, including metals, seen in Figure 8.1 [90] [91]. Apart from selective laser melting 
techniques, an electrophoretic deposition (EPD) technique will be used to manufacture the porous 
tungsten samples of future study, in collaboration with the Additive Manufacturing Lab at 
Lawrence Livermore National Lab [92]. 
 
 
Figure 8.1: Additive manufacturing approaches for shape and geometry control in metals 
 
The goal of this objective is to explore and establish a parameter space in which a porous 
tungsten structure can be produced using an EPD process. EPD entails deposition of a colloid 




overall material system proposed will be a porous layer on top of more traditional bulk tungsten. 
The toughness of this material will be characterized at the Materials Research Laboratory at the 
University of Illinois using nanoindentation.  
 
 
Figure 8.2: Deposition of material suspended in a colloid onto an electrode, EPD [93] 
 
Apart from ensuring mechanical strength, the key feature of this substrate will be the 
porous structure. Many of the utilities of this system are derived directly, and indirectly, from the 
porosity and pore size. The studied functionalities and their dependence on the porous media will 
be described in later objectives, but the nature of those dependences and thus the performance 






8.2: Investigation of liquid metal surface stability and flow through porous media  
The wetting tests presented here will be repeated for the AM porous W samples, with 
samples now varying in structure. Additionally, liquid metal replenishment will be studied in-situ 
at the IGNIS facility. Porous W samples will have lithium deposited and percolated into the 
material. Replenishment of the surface by liquid metal within the structure will be observed with 
in-operando XPS, LEISS.  
Furthermore, the stability the liquid metals on the porous W surfaces will be tested against 
more realistic fusion device characteristics; the stability of the liquid surface against steady-state 
plasma operation as well as off-normal events will be tested in collaboration with the Dutch 
Institute for Fundamental Energy Research using the linear plasma device, Magnum-PSI. Optical 
emission spectroscopy and an IR camera will be used to monitor the persistence of LM on the 
surface as well as any ejections above the surface that may take place. The ERD results shown 
here will be complemented with NRA in the DIONISOS facility to obtain high depth resolution of 
deuterium.  
 
8.3: Investigation of plasma-material interactions 
Much of the PMI shortcomings of traditional tungsten have been outlined previously. The 
conjectures of this hybrid system are that it will have superior PMI properties relative to bulk W. 
The aim of this experimental push aim to examine the sputtering, hydrogen inventory behavior 
and morphology tolerance. 
Given the lower tolerance of eroded tungsten in the core plasma, the physical sputtering 
of the porous W substrate is important to quantify. The fuzz-tendrils that form on He-exposed 
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tungsten have similar surface structures to that of a porous surface. Sputtering results of Ar on 
W-fuzz samples indicate that there is reduced W sputtering, compared to a smooth W surface, 
due to the “porous” nature of the collection of fuzz tendrils blocking lines of sight [35].  
Preliminary sputtering experiments conducted in the IGNIS facility show the possibility 
of porous W resilience to sputtering, as seen in Figure 8.3 
 
 
Figure 8.3: Porous W shows lower sputtering yields, except in the case of D2, compared to W 
and W alloys 
 
Further sputtering tests on AM produced porous W will be done in the IGNIS a slew of 
sputtering species and incident angles. These will be conducted with and without Li, of varying 
thickness to observe effect of Li on sputtering. 
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As one of the conjectured utilities of high defect sink material like a porous structure, 
morphological studies need to be continued on AM produced porous W. Preliminary results 
obtained in SPS produced porous tungsten suggest a confirmation of the conjectured morphology 
resistance (seen in Figure 8.4). Additionally, the effects (if any) of Li in this hybrid system will 
need to be observed. Experiments will be conducted both in the IGNIS facility as well as the 
Magnum -PSI facility assessment will be done with post-mortem SEM.  
  
 
Figure 8.4: Porous W (via SPS), with (b) and without (a) Li, shows less morphological 
development than the surface of a smooth tungsten sample with Li on it (c) 
 
Retention studies will be conducted on this hybrid system, with and without LM, to 
discern the contribution of the porous structure vs. the liquid metal. A depth profile, discussed in 









of D in any substrate, but will be especially relevant in determining the main retention 
mechanism (W substrate vs. LM).  
In addition to the activity planned with the DIONISOIS facility, these retention studies 
will all be complemented with post-mortem depth profiling by both Secondary Ion Mass 
Spectroscopy (SIMS) and Glow Discharge Optical Emission Spectroscopy (GD-OES) in 
collaboration with Idaho National Lab. 
 
 
8.4: Vapor shielding 
The edge plasma and material surfaces serve as a buffer zone between the core plasma and 
ambient environment; a burning plasma cannot be sustained without this separation. The criteria 
for PFC suitability are that it can keep confinement and capable of the power/particle handling 
requirements to prevent structural failure; there is a direct correlation to the power handling limits 
of the wall and the performance limits of the core plasma. The paradigm in the material selection 
and design has been to maintain structural integrity against heat/particle flux without 
compromising the plasma performance. As is, the ITER divertor cannot survive a disruption 
without melting [31]. The power handling challenge not only requires solutions from the plasma 
side but also the parallel development of more resilient, versatile wall systems [8]. 
 
A proposed approach, which is a key utility of this liquid metal-porous tungsten hybrid 
material, is the use of vapor shielding to reduce the power flux incident on the wall. Vapor 
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shielding as a heat flux dissipation technique has been proposed with the ablation of wall material, 
during disruptions in particular [94] [95]. Vapor shielding is defined here as the volumetric 
dissipation of the incoming heat flux by particles released from the wall, through processes such 
as evaporation or sputtering, localized to the surface that is nominally incident to the incoming 
power flux. Tungsten is designed to survive 10-15 MW/m2 without melting but the subsequent 
temperature of the W PFC will bring about other structural issues; the function of a vapor shield 
is such that the impinging heat flux seen by the wall is less than the original 10-15 MW/m2. The 
vapor shielding phenomena is intrinsically responsive to the incoming heat flux, i.e. the more 
power that is incoming, the greater the amount of vapor efflux from the wall and radiative 
dissipation, as seen by Langmuir evaporation law and empirical function of vapor pressure 
dependence on temperature (Equation 2) [96]. The evaporation flux has experimentally been seen 








    Equation 8.1 
 
The self-regulating nature of vapor shielding comes from the dependence of the radiative 
dissipation on temperature and density within the vapor cloud. The appealing aspect of vapor 
shielding is the additional radiative dissipation via non-coronal processes; higher density results 
in more collisional pathways, such as ionization and recombination, to dissipate the incoming heat 
flux compared to lower density coronal equilibrium [98] [99] [48]. What results is an oscillatory 
behavior, which has been observed in FTU, T-11 and Magnum-PSI [100] [99] [101]. The 
emissivity of the continuum radiation from Bremsstrahlung (including contributed by 
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recombination) can be shown to be proportional to the electron density and ion density inversely 




      Equation 8.2 
 
This radiative emission will decrease with temperature increase and decrease in ion density, 
resulting in more evaporation from the surface (Equation 8.1) and thus an increased emission to 
dissipate the increased heat flux seen by the surface.  This oscillatory behavior can further be seen 
implicitly in the sheath dynamics. As can be seen from Equation 8.3, The sheath transmission 
factor (accounting for the effect of changes in sheath potential), nominally defined as the ratio of 
the heat flux at the target to the incoming heat flux from the SOL, will change as well with changes 
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(1 − 𝑅𝑖𝑁)          Equation 8.3 
 
It can be seen in Equation 8.3 that the sheath dynamics also depend largely on some of the 
PMI properties of the surface, primarily the secondary electron emission (𝛿). Investigations of the 
83 
 
secondary electron emission have been done before, but will be done specifically for this hybrid 
system [106]. Controlled ion beam experiments (100-100eV ion energy, 1014- 1016 cm-2 s-1 flux) 
with deuterium and helium will be done in the IGNIS facility with in-operando collection of 
secondary electrons with the PHIOBOS 150 NAP energy analyzer.   
 
Experiments will be conducted in collaboration with the Dutch Institute for Energy 
Research and the Magnum-PSI linear device. Steady-state fluxes based on predicted operating 
parameters will be replicated as well type-I elm heat fluxes. The performance of the liquid metal’s 
vapor shielding (Li, SnLi) will be measured with the spectroscopic content in front of the target as 
an indication of how well the gas phase of the liquid metal is forming in front of the target as well 
as IR temperature data on the surface of the target, compared to baseline cases without the liquid 
metal present. The power dissipated will be evaluated based on a resistive bolometer diagnostic 
developed at DIFFER to quantify the power radiated near the target as well as the power absorbed 
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